In the present paper, we show that elliptical galaxies (Es) obey two laws. The first one accounts for the fact that Es are relaxed systems in a post violent-relaxation stage; they are quasi-equilibrium gravitational systems and therefore have a quasi-constant specific entropy. The second physical law is a scaling relation between potential energy and mass. Assuming that light traces mass, these laws imply that in the space defined by the three Sérsic law parameters (intensity Σ 0 , scale a and shape ν), elliptical galaxies are distributed on two 2-manifolds: the Entropic Surface and the Energy-Mass Surface. Using a sample of 132 galaxies belonging to three nearby clusters, we have verified that ellipticals do indeed follow these laws, and their dispersion about the two surfaces is very small. This also implies that they tightly distribute along the intersection line 1 DAEC, Observatoire de Paris, Université Paris VII, CNRS (UA 173), F-92195 Meudon Cedex, France -2 -(the Energy-Entropy line), thus they constitute a one-parameter family. These two physical laws (separately or combined), allow to find the theoretical origin of several photometrical observed relations, such as the correlation between absolute magnitude and effective surface brightness, and the fact that ellipticals are located on a surface in the [log R eff , −2.5 log Σ 0 , log ν] space. The fact that elliptical galaxies are a oneparameter family has important implications for cosmology and galaxy formation and evolution models. Moreover, the Energy-Entropy line could be used as a powerful distance indicator.
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Introduction
Elliptical galaxies present a striking regularity in their global luminosity distributions in the sense that, within a wide range of sizes, their light profiles can be described by simple functions, such as the Sérsic law (Caon, Capaccioli & D'Onofrio 1993; Graham & Colless 1997; Prugniel & Simien 1997) , which is a generalization of the de Vaucouleurs R 1/4 profile. This regularity implies that ellipticals constitute a well defined family of galaxies. The regular properties of Es have been the subject of different approaches, concerning both photometric and spectroscopic parameters, resulting in well known relations such as the Faber-Jackson and Kormendy relations (Faber & Jackson 1976; Kormendy 1977) or the Fundamental Plane (Djorgovski & Davies 1987; Dressler et al. 1987) . Es are supposed to be formed under non collisional processes, where dissipation is expected to be negligible. Under these circumstances, both the initial conditions and the gravitational forces are expected to have a crucial influence on their properties.
In previous papers, we have addressed the question of how the properties of Es may be a consequence of the physical laws they should obey. In Gerbal et al. (1997) and Lima Neto, Gerbal & Márquez (1999, hereafter Paper I), we have calculated the specific entropy of Es and shown that the results of analysing the observed cluster Es through Sérsic profiles, are compatible with a unique value for this specific entropy. In a subsequent paper, Márquez et al. (2000, hereafter Paper II) , we have shown that another physical law must be operating in order to explain that E's reside in a very thin line on the so-called entropic surface.
In this paper, we show that this second physical law is indeed a scaling relation between potential energy and mass; photometrical relationships can be naturally derived from this scaling law. We also analyse what the consequences on the origin and evolution of Es are. In Section 2 we present a short theoretical introduction to the concepts we will deal with, from which we derive a possible explanation for the existence of an energy-mass relation. In Section 3 we describe the properties of the Sérsic profile used to fit the data. In Section 4 we compare the theoretical predictions with the results from the observational data. The compatibility of previous photometric relations with ours is analysed in Section 5. The discussion and conclusions are given in Section 6.
Theoretical background
In the standard model of structure formation, initially small perturbations in the cosmic density field start growing in amplitude at the same rate. At a given epoch, when their overdensity relative to the average is larger than a critical threshold that depends on the assumed cosmology, they stop expanding with the Universe and collapse. Then, the bound objects settle to a configuration of equilibrium via gravitational and radiative processes.
In the following ( § §2.1 and 2.2), we propose two laws that elliptical galaxies should obey if they form and reach (quasi) equilibrium under the action of gravitational process only. As a first approximation, we will assume that radiative processes play a minor rôle compared to gravitation.
Unique specific entropy
Elliptical galaxies are thought to be in a quasi-equilibrium state, implying that they should obey the virial theorem. The second law of thermodynamics states that a system in equilibrium is in a maximum entropy configuration. Since elliptical galaxies are gravitational systems, they never really reach an equilibrium state during the time scale of the two-body relaxation. However, even if the entropy S of an E galaxy is ever increasing on a secular time scale, after violent relaxation one may consider that the system is in a quasi-equilibrium stage, which is equivalent to say that the entropy is quasi-constant.
Several works have been devoted to the problem of the entropy in gravitational systems [see for instance Merritt (1999) , and references therein]. In a previous paper (Paper I), we have shown that, assuming that an elliptical galaxy is in a quasi-equilibrium stage, a thermodynamical entropy function which is quasi constant can be defined. In Paper II, instead of using the thermodynamical definition of the entropy, we adopted the microscopic Boltzmann-Gibbs definition. In order to consistently compare objects of different masses, we have introduced the specific entropy, i.e. the entropy normalised to the mass: s = S/M . We have then shown that the specific entropy s, computed under the previous hypotheses, is the same among Es:
where s 0 is to be determined by observations. In fact, in Paper II, we have shown that s 0 is not strictly unique but, as a result of merging processes, it weakly depends logarithmically on the galactic mass. Notice that this is a second order effect and, within ∼ 10%, s 0 is indeed unique.
From theory to observations
Both the relations given in Eqs. (1) and (8) are theoretically motivated laws, that need to be translated into observable quantities if one wants to test them observationally. Mass, potential energy and specific entropy are easy to compute knowing the light distribution and assuming a mass-to-light ratio independent of galactic radius. We calculate the Boltzmann-Gibbs entropy defined from the distribution function in the 6-dimensional phase space (the µ-space). Under some reasonable hypotheses, it can be also computed in terms of photometric quantities (Papers I and II), if the density profile corresponding to the observed light distribution is known.
The Sérsic profile (Sérsic 1968) :
describes well the observed surface profile distribution of ellipticals (Caon, Capaccioli & D'Onofrio 1993) , and allows to compute analytically (good approximations of) all the needed quantities. We therefore adopt this profile to model the observed surface brightness distribution of a sample of elliptical galaxies ( § 4.1), and to compute (rigorously or with a high degree of precision) the physical quantities of interest, like the total mass, the potential energy, the specific entropy, etc. (see Tables 1 and 2 in the appendix for a summary of the formulae we use). Note that the Sérsic law is a non-homologous generalization of the de Vaucouleurs profile, in the sense that a third parameter describing the shape of the distribution (the structural parameter ν) is introduced and left free, instead of being fixed to 0.25. This of course allows a better fit to the observations (Graham & Colless 1997, and Papers I and II) .
Predicted relations among the Sérsic parameters
We now show that the two relations introduced in Sections 2.1 and 2.2, constraining the distribution of gravitational matter in galaxies, define two surfaces intersecting each other in the Sérsic parameter space [ν, a, Σ 0 ].
The first relation comes from the uniqueness of the specific entropy, s * , that can be expressed as s * = s 0 , cf. Eq. (1) 2 . From the expression of the entropy in Table 1 , we obtain the Entropic Surface in terms of the Sérsic parameters:
where s 0 is the same for all elliptical galaxies to within ∼ 10% (cf. also Paper II).
2 In Paper II, the specific entropy is defined with a different normalisation:
The second relation is obtained using the definition of potential energy and mass given in Table 2 ; then, Eq. (8) can be written as:
which defines the Energy-Mass Surface, where M * 2 and r * g refer to the projected mass and the gravitational radius, respectively (see Table 2 ). A 3-D representation of these two surfaces is given in Fig. 1 . The intersection line (called the Entropy-Energy line in Paper II) is the locus on which elliptical galaxies are tightly distributed in the space of the Sérsic parameters.
Combining relations (10) and (11), two-by-two relations between the Sérsic parameters can be obtained. For the [a, ν] relation we have:
with
For the [Σ 0 , ν] relation we obtain:
The relation between a and Σ 0 is easily obtained by combining relations (12) and (13), parameterised by ν.
Predictions faced to observations

Data set and the distribution of the ν parameter
The sample of elliptical galaxies we consider is described in detail in Paper II. It is composed of 68 galaxies in the Coma Cluster, 30 in Abell 85 and 34 in Abell 496; their cluster membership is confirmed by their redshifts. For all these galaxies, we have fitted the observed surface brightness distribution (obtained by CCD imaging in the V band) by means of the Sérsic profile, as in Papers I and II, using the minuit package (James 1994) . To be able to use all the data as a single set, the fitting parameters a and Σ 0 have been expressed in physical units, i.e, in kpc and L ⊙ /kpc 2 respectively 3 . While in the de Vaucouleurs law a single value of ν is used (ν = 1/4), our data fitting reveal that this parameter can assume a range of values, which are not centered on 0.25. We give in Fig. 2 the density distribution of ν obtained by wavelet reconstruction [see Fadda, Slezak & Bijaoui (1998) for a description of the method]. The distribution is bi-modal, with a first maximum around ν = 0.44 and a second one around ν = 0.82 (close to 1, the typical value for dwarf spheroidal galaxies); also notice that the first maximum is stronger than the second one. When carefully looking at the previously published ν-histogram (Paper I), it seems that the second maximum is indeed present, although it is less significant. Since we are now working with a larger sample resulting from the combination of three separate data sets, the presence of this second peak is more significant. Note however that our sample is not complete (giant ellipticals and some faint dwarfs are not included), thus both the actual position of the two peaks and their relative intensities may be somewhat different when considering complete samples.
Entropy and energy-mass relations
For all the galaxies in the sample, the entropy, the mass, and the potential energy have been computed assuming that light traces mass.
The potential energy is displayed in Fig. 3 as a function of total luminosity. A bisector-OLS (Ordinary Least Square) power law fit (Feigelson & Babu 1992) gives an index I = 1.72 ± 0.03. However, if we impose I = 5/3 [see Eq. (7)], the fit is still good enough to confirm that Eq. (8) is a good approximation. Fish (1964) analysed a set of 24 Es, fitting their surface brightness profiles with the de Vaucouleurs law, and he found I = 3/2 for the power law index. The improved accuracy of both our data and our fitting procedure (that uses the Sérsic profile), as well as the larger sample we have, allow us to definitely exclude I = 3/2 (see also Sec. 6.3).
Wavelet reconstruction of the number distribution of s 0 and e 0 are displayed in Figs. 4 and 5, and their statistical properties are given in Table ( 3). The distribution of s 0 is asymmetric and broad, while that of e 0 is narrow and almost symmetric. Notice that the values of s 0 quoted in Fig. 4 are different from the ones shown in Paper II due to our different definition of specific entropy (cf. Section 3 and Table 1 ).
Correlations
As discussed in section 3, the above relations can be translated in correlations between the three Sérsic parameters taken two by two. Fig. 6 shows the [a, ν], [Σ 0 , ν], and [a, Σ 0 ] relations for our sample of galaxies. We plot also a 3-D representation of these correlations in the Sérsic parameter space. The corresponding theoretical relations, computed for e 0 = 5.8 and s 0 = 30.2, are superimposed to the data, and show a remarkable agreement with the observations.
From theoretical to observed correlations
The observed correlations among astrophysical quantities, like R eff , µ eff , or ν, usually do not have any physical explanation. Thus, they could be just artefacts of the definitions of the parameters, in the sense that they do not necessarily contain any information about the physics of the objects, or on the processes that drove their formation and evolution. On the other hand, although the parameters a, Σ 0 and ν entering in the definition of the Sérsic profile are independent from each other (from a mathematical point of view) we found correlations among them that we explain as originating from physical laws (Gerbal et al. 1997) . Since the astrophysical quantities are combinations of these primary parameters, the observed correlations may then be due to some physical process, instead of being just artefacts.
We now show that starting from our "theoretical" relations, it is indeed possible to give a physical motivation to some of the observed correlations. For the comparison between theory and observation however, it is necessary to take into account a few points:
1. The correlations proposed in the literature result from fitting procedures; the coefficients are just empirical. Moreover, for the sake of simplicity, attempts are usually done to linearize the correlations. On the contrary, our coefficients come from physically motivated computations, and the relations we have found can be non-linear.
2. The intersection of the specific entropy and of the energy-mass surfaces is a line that we call the "Energy-Entropy line". The segment of this line which ellipticals populate is not coplanar, thus it is not possible in general to define the distribution of these galaxies on a plane. However, limited to a restricted range of observed values, the corresponding portion of the segment can be coplanar, thus allowing to define a plane where ellipticals lay.
Luminosity-effective radius relation
Using the definition of the potential energy, relation (8) can be written as:
where r g is the gravitational radius and M the mass. Assuming that elliptical galaxies have the same mass-luminosity ratio and that R eff is proportional to r g (which is a very good approximation for galaxies described by the Sérsic profile, see Table 2 ), we have then:
log L = 3 log R eff + 3 log k − log F + 1.30288eo ,
where F is the M/L ratio and k is the proportionality constant between R eff and r g . The mean value of e 0 is given in Table 3 .
In Fig. 7 we plot the total luminosity as a function of R eff for our data. Superimposed are the bisector-OLS fit (solid line with slope = 2.5), and the theoretical relation established above (dashed line with slope = 3). Within the error bars, both relations are compatible with the data. Notice that the theoretical slope of the L-R eff relation depends only on the slope of the scaling relation between mass and potential energy.
Our data and theoretical prediction are steeper than the results found in the literature. Binggeli et al. (1984) derive L ∝ R 2 eff for galaxies with 0.2 R eff 5 kpc. For smaller galaxies, however, the slope steeps and reaches our theoretical value of 3. Schombert (1987) also find that the L-R eff relation is shallower for the brightest galaxies; for normal elliptical he finds L ∝ R 1.8 eff . Even though these low values are not incompatible with our data (within the error bars), it should be stressed that previous L-R eff studies were based on the de Vaucouleurs profile, while we fit our galaxies with the Sérsic law. As we will see below, different modelling (i.e., de Vaucouleurs or Sérsic) of Es may change the observed correlations among their global parameters.
Magnitude-mean surface brightness correlation
In their study of the Virgo Cluster E galaxies, Binggeli et al. (1984) described a correlation between the mean surface brightness within the effective radius and the absolute magnitude of ellipticals. In fact their correlation essentially shows two regimes, each of them being a linear correlation of the form:
Now, taking the definition of µ eff :
we can combine it with the energy-mass scaling relation, Eq. (14), eliminating the effective radius. Thus, if we make the same assumptions as in § 5.1 above, we obtain a relation between µ eff and L, or equivalently, in terms of the absolute magnitude (M ≡ −2.5 log L):
where the variables have the same meaning as in Eq. (15).
Note that this relation does not predict two regimes but a single one. This is indeed in agreement with the observations when the data are analysed with the Sérsic law instead of the de Vaucouleurs profile, as done by Jerjen & Binggeli (1997) , and as shown in Fig. 8 for our galaxies. Quantities like R eff or µ eff are different when obtained through a de Vaucouleurs or a Sérsic fit (Graham & Colless 1997; Jerjen & Binggeli 1997) : this probably explain why Binggeli et al. (1984) , who used the de Vaucouleurs profile, obtain a broken power-law µ eff -M relation, while Jerjen & Binggeli (1997) and us, using the Sérsic profile, find a single power-law.
The dashed line in the Fig. 8 is the relation (18) . The good agreement with the data shows once again that we can recover the observed correlations from the theory.
Photometric plane
Khosroshahi et al. (2000) have fitted a set of E and of spiral bulges with the Sérsic profile. They have shown that these galaxies lay in a "plane" in the space defined by the set of coordinates [log R eff , µ 0 , log ν], with µ 0 = −2.5 log Σ 0 . Notice that these authors use n = 1/ν in the Sérsic law. The equation they find for this plane is:
(0.173 ± 0.025) log R eff − (0.069 ± 0.007)µ 0 = − log ν − (1.18 ± 0.05) .
Now, we will derive a similar equation from a theoretical point of view. Using the definition of µ 0 and the relation between R eff and r g into Eqs. (10) and (11), after some straightforward algebra, we obtain: 2.303 log R eff − 0.307µ 0 = 2.303 log R *
log R eff + 0.40µ 0 = log M * 2 (ν) − 1.94 log R * eff (ν) − 1.303e 0 − 0.7132
A linear combination between Eqs. (20) and (21) gives:
with:
Relation (22) is a theoretical relation in the sense that it is obtained from theoretical relations; relation (19) on the other hand is a fit to the observed data. The only differences between these two relations are the two right-hand sides, i.e. (− log ν) should be compared to K(ν). Only the forms of the two functions are to be compared since the constant depends on the units chosen. In  Fig. 9 , we call attention to the interval [0.25-0.7] in ν, which Khosroshahi et al. (2000) have used to define their photometrical plane. In particular, their relation given by Eq. (19) and ours [Eq. (22) ] agree within 8% in this range. The good agreement between the observed points of Khosroshahi et al. and our theoretical relation shows that the photometric plane may be understood as a consequence of the two laws discussed in this paper. Note however that it is possible to define a "plane" only because a limited range of values has been considered for ν (see the beginning of § 5).
Discussion and conclusions
Ellipticals as a single parameter family
The Sérsic profile is certainly not the ultimate profile that can reproduce the surface brightness of ellipticals, from brighter galaxies to dwarf ellipticals [see Jerjen & Binggeli (1997) ]. In fact, residuals of the Sérsic fits to the data very often show the same systematic pattern, as illustrated in Fig. 10 . Notice that the seeing cannot produce such a pattern, since, for this case, it influences at most the innermost 3 arcseconds. Whereas the Sérsic profile cannot apply to fine features (boxy isophotes, central black hole, etc.) because of their small sizes, it allows a fit of sufficient quality for our aims, since we use it only to describe large scale properties. A finer description, which is out of the scope of this paper, would probably require another parameter to reproduce the whole profile.
On the other hand, since the de Vaucouleurs law is characterised by two parameters only, it does not allow to define the specific entropy and the energy-mass surfaces and, consequently, it can not define the Energy-Entropy line.
Because all the galaxies fitted by a Sérsic law have the same specific entropy (Eq. 1), it is possible to eliminate the shape parameter by replacing it with its expression in function of the two other parameters (ν = ν[a, Σ 0 ]). However, this is not a kind of homology, because it is not possible to define a 'template' from which any Sérsic distribution can be derived by scaling transformations.
However, since all elliptical galaxies also obey the energy-mass law (Eq. 8), a single parameter is sufficient to characterise a galaxy, for instance ν. In this case, every galaxy is defined by its shape parameter ν: the introduction of ν allows to gather all ellipticals into a single large family, at least from the photometric point of view. The mass can then be rewritten as:
(relations between a(ν) and Σ 0 (ν) are given in eqs. 12 and 13); this relation is a bijection ν ⇐⇒ M . The parameter ν plays the role of a concentration factor.
During the processes of formation and relaxation, physics (described by the two laws discussed above) are necessarily acting so that at the end the above bijection is actually verified. Very large galaxies are endowed with small values of ν while dwarfs are endowed with large values of ν (Caon, Capaccioli & D'Onofrio 1993) . As a consequence, this allows us again to understand why the de Vaucouleurs law cannot fit with good confidence these two extreme cases.
Notice that although the use of the Sérsic profile apparently seems essential to our calculations, we believe that it is nothing but an analytical expression which works well from the theoretical point of view (a shape factor) and from observations (good fits). Any other function would be appropriate -provided that it allows to calculate the entropy, energy, mass, etc.
It has been observed in cosmological simulations that dark matter haloes are well fitted by a NFW profile; it has also been shown that it is possible to define a concentration factor which in fact plays the role of a structural parameter, although from a purely mathematical point of view, the NFW profile is a homologous profile. It is interesting to note that the smaller the halo the more concentrated it is. In fact it is possible to show that the projection of NFW profile is well fit by a Sérsic profile (Lokas & Mamon 2000) , and that a variation of ν actually follows the variation of concentration.
Kinetic energy and velocity dispersion
We have calculated the potential energy of elliptical galaxies using the photometric parameters of the Sérsic profile. By applying the virial theorem, it is easy to transform the scaling relation between potential energy and mass described in section 2.2 into an equivalent relation between kinetic energy and mass; this leads to the relation:
with V = 2T /M . The similar relation linking comparable observables is the well-known FaberJackson relation Faber & Jackson (1976) :
with α varying from 2 to 4 [see, e.g., (de Zeeuw & Franx 1991)] . It is nevertheless difficult to translate the theoretical quantity V into the observable quantity σ; this has been attempted for instance by Graham & Colless (1997) and Graham (1998) . This is in fact part of the broader problem of translating the virial theorem, based on theoretical quantities, into the fundamental plane, which is linked to observable quantities [see for instance : Capelato et al. (1995); Ciotti, Lanzoni & Renzini (1996) ; Graham & Colless (1997); Prugniel & Simien (1997) ].
Scaling relations: Elliptical galaxies only?
The derivation of the scaling relation between potential energy and mass is based on fundamental principles (mass and energy conservation). It is in fact independent of the actual definition of elliptical galaxies and can be applied to any object formed by the growth of density perturbations, driven by gravitational interaction. Dark matter (DM) halos are therefore expected to follow the same relation.
Assuming that collisionless N -body simulations provide a suitable description of DM halo formation, relation (8) should then also be found automatically in their results. We have tested this hypothesis by considering a cosmological N -body simulation with 512 3 particles in a 479 Mpc/h side box, characterised by the following parameters: a ΛCMD cosmological model, with density parameters Ω 0 = 0.3 and Ω Λ = 0.7, Hubble constant H= 100 h −1 km/s Mpc −1 , h = 0.7, and normalisation σ 8 = 0.9 (Yoshida et al. 2000) . The corresponding particle mass is 6.8 10 10 M ⊙ /h. A sphere of radius r = 7 Mpc/h around a very massive DM halo (M ≃ 2.3 10 15 M ⊙ /h, virial radius R vir ≃ 2.7 Mpc/h) has been selected in the original simulation, and re-simulated at higher resolution (a factor ∼ 35 increase, to get a mass particle of about 2 10 9 M ⊙ /h). Assuming a minimum mass of 10 particles per halo, this allows to resolve halos down to 2 10 10 M ⊙ /h. Figure 11 shows the distribution of potential energy versus mass for the halos found within the selected sphere, their masses ranging from 10 12 to 10 15 M ⊙ /h. We have selected the halos that had their kinetic to potential energy ratio closer to the virial theorem value, i.e., the ones satisfying 0.8 ≤ 2T /|U | ≤ 1.2. Due to the high resolution of the simulation, the computation of the potential energy is very accurate, at least for all halos more massive than ∼ 10 11 M ⊙ , i.e. composed by more than 100 particles. A fit to the data indicates a power-law index index = 1.69 ± 0.02, very close to the theoretical value of 5/3. This is an example of the universality of the scaling relation between potential energy and mass. Whereas out of the scope of this paper, numerous questions obviously arise, such as the dependence of the index with redshift or with the cosmology used in the simulation.
Distance indicators
The interesting possibility of using the correlation between [a, ν] as a distance indicator has been proposed by Young & Currie (1995) . This paper has been followed by controversies (Binggeli and Jerjen 1998; Young & Currie 1998) , essentially due, as we understand it, to the following question: are the distance indicators sufficiently trustworthy to be usable for single galaxies, or can they only be applied to clusters globally?
Since the correlations on which are based the indicators proposed by Young & Currie (1995) are consequences of the two laws discussed in this paper, it appears possible to improve the quality of the proposed indicators; this is principally due to the fact that the relations are essentially non-linear, while phenomenological correlations have been tentatively fitted by phenomenological linear laws, as discussed above. Such phenomenological laws are sometimes nicknamed as "voodoo" (Trimble 1997), but physical interpretations satisfy better our taste for rationality. This has been already touched in Paper I and will be tackled deeper in a forthcoming paper.
Conclusions
We have shown both from theoretical reasons and from observations, that elliptical galaxies obey a scaling relation between the potential energy and mass (luminosity). In previous papers, we had already shown that Es share the same specific entropy (Papers I and II).
These two relations give an explanation to several observed correlations that have been proposed in the past by various authors, such as the correlations between the shape factor and a length scale, the correlation between the absolute magnitude and the central brightness, the photometrical plane, and the Faber-Jackson relation. Therefore they constitute a theoretical background for a number of physical properties of elliptical galaxies.
The fact that elliptical galaxies lay along a line in the 3 dimensional space of the Sérsic parameters implies that Es are indeed a one-parameter family. This has important implications for cosmology and galaxy formation and evolution models. Furthermore, the Energy-Entropy line could be used as a powerful distance indicator.
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A. Formulae
General formulae useful for definitions or calculations of various quantities linked with our definition of the Sérsic profile are given in Tables 1 and 2 . Khosroshahi et al. (2000) (right-hand side of Eq. 19). The two vertical dotted lines correspond the range in ν used by Khosroshahi et al. (2000) . The dashed-dotted lines correspond to 8% errors on the fit. The shape parameter, n ≡ 1/ν, is given at the top of the figure to allow direct comparison with other authors. Potential Energy 2-D expression U = 4(π) 2 a 3 Σ 2 0 × U * 2 (ν) ; U * 2 (ν) = (M * (ν)) 2 /r * g (ν)
3-D expression U = (4π) 2 a 5 ρ 2 0 × U * 3 (ν) ; U * 3 (ν) = (M * 3 (ν)) 2 /r * g (ν)
Energy-Mass U ∝ M 5/3 relation e 0 = ln(U ) − 
